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Abstract
The Salt Finger Tracer Release Experiment (SFTRE) was conducted in the tropical North Atlantic in 2001. The experimental area was east of Barbados and is characterized by thermohaline staircase features prevalent in the depth range of 200−600 meters. The goal of this experiment was to quantify the distribution and intensity of vertical mixing in a region of thermohaline staircases. Two cruises were required to accomplish this goal: one to survey with the High Resolution Profiler (HRP) and inject sulfur hexafluoride (SF6) tracer, and another ten months later to map the spatial distribution of tracer and obtain additional estimates of diffusive and turbulent mixing rates using the HRP.
The first cruise of the SFTRE experiment took place between January 15 and February 12, 2001 on the R/V Oceanus, leg 365-2 (OC365). An XBT survey identified an area of robust staircases that became the injection site. Then 175 kg of SF6 tracer was injected in nine streaks in a layer with temperature of about 10°C. When the injection mechanism was being replenished, HRP profiles were made in the area of the tracer patch. The profiles yielded estimates of the mixing rates at the start of the experiment. Near the end of the cruise, water samples from the patch were used to map the actual tracer distribution immediately after deployment.
The second cruise occurred between October 29 and December 4 on the R/V Seward Johnson, leg 01−12 (SJ0112). Its objective was to sample and map the vertical and horizontal distribution of tracer after ten months. The work completed included 172 CTD casts with chemical analysis performed on the water samples, and 165 HRP profiles. Despite covering an area of 500,000 nautical miles², only 50−60% of the tracer was found, suggesting higher than expected lateral mixing.
The SFTRE included the deployment of a Moored Profiler. The profiles acquired by the MP provide background on the temporal variation of the temperature, salinity, and velocity fields where it was deployed. To share costs of personnel, the MP was deployed and recovered on cruises that followed ours, in conjunction with other mooring activities. The MP was deployed in February 2001 from R/V Oceanus and recovered by the R/V Knorr in April 2002.
The program was a success, despite not fully delimiting the tracer distribution, because the observations allow more complete quantification of the mixing processes occurring in this region. The inferred mixing intensity was stronger and the influence of the thermohaline staircases more widespread than initially expected.
Overview
The goal of the Salt Finger Tracer Release Experiment (SFTRE) was to quantify the extent and intensity of vertical mixing in a region of thermohaline staircases. The "salt finger" instability was first reported by Stern (1960) . The paper describes a process whereby an initial stratification with warm-salty water overlying colder-fresher water breaks down into small (2−3 cm), closely packed, up and down flowing convection cells (fingers) that exchange heat laterally but diffuse little salt. The result is a vertical advective transport of salt, and to a lesser extent, heat by the fingers. Salt fingering, if sufficiently strong can cause convective homogenization of layers several tens of meters thick separated by thin interfaces with intense vertical gradients, creating a thermohaline staircase. There is some controversy about the significance of salt fingers in ocean mixing. The combined tracer and microstructure approach of this experiment is expected to clarify the role of salt fingers in ocean mixing, and thus, its contribution to water mass conversion and the general circulation.
Thermohaline staircases have been observed in tropical and subtropical regions where evaporation exceeds precipitation, and heating exceeds cooling. They have temperature and salinity profiles that look like steps instead of smoothly varying in depth. The contrast between profiles with staircases and those with smooth gradients is evident (Figure 1 ). Typically, within a staircase several 10−40-meter layers of well-mixed water are separated by thin (2−5-meter) sheets in which the gradients are steep. The structure of the staircases is taken as a finescale manifestation that salt fingering is occurring on the high-gradient sheets.
The research program involved two cruises in the tropical North Atlantic, which were completed in 2001. The cruise objectives were:
• select a site for the tracer injection using XBTs • inject a patch of sulfur hexafluoride (SF6) tracer • survey the injection area using the High Resolution Profiler (HRP)
• map the spatial distribution of tracer nine months after injection • obtain estimates of diffusive and turbulent mixing rates using the HRP A short description of each cruise is presented in this section; with a complete cruise narrative for each presented later in the report.
The first cruise of the SFTRE experiment took place between January 15 and February 12, 2001 on the R/V Oceanus, leg 365-2 (OC365). After leaving Barbados, XBTs were used to map the extent and intensity of the staircases, which guided selection of a suitable location with robust staircases to inject the tracer. The potential density surface of 27.05 kg/m³ was selected for the target surface. This level corresponded to potential temperature of 9.930° C, which was typically at a pressure of about 380 db. A total of 175 kg of sulfur hexafluoride (SF6) tracer was injected in nine streaks over nine successive nights. During those days, HRP profiles were completed to quantify the mixing rates during the injection. All the HRP profiles made on this cruise were to 2000 meters, in much deeper water, so the HRP altimeter was not used. Once the injections were completed, five days of intensive HRP profiling further documented the characteristics of the patch of water containing the tracer while the injection equipment was stored and the sampling apparatus installed. Then, water samples from the integrating sampling sled were collected and used to verify the initial distribution of the tracer patch. After surveying with the sled system, several CTD casts to 1000 meters were interspersed with HRP profiles. The water samples collected on the CTD rosette showed the actual tracer maximum at the density of 27.047 kg/m³, very close to the target. The last activity of the cruise was a meridional section along 55°W, through the center of the tracer patch. The southernmost station was at 10.5°N and the northernmost was at 15.25°N. By cruise end, 49 XBTs were used and 109 HRP profiles had been completed ( Figure 2) ; the details are provided in appendix A. The second cruise occurred between October 29 and December 4 on the R/V Seward Johnson, leg 01−12 (SJ0112). Its objective was to map the vertical and horizontal extent of the tracer patch, while making additional measurements with the HRP to quantify the mixing rates. Due to immigration issues, the Venezuelan observers were unable to meet the ship by the departure date, so a weeklong survey was undertaken south and east of Barbados. The ship returned to port on November 5 to exchange observers, refuel, and then continue the cruise. The routine operation during this cruise was CTD casts with simultaneous HRP profiles. Water samples were collected on each cast and analyzed during the transit between stations. The CTD casts and HRP profiles were started simultaneously, but the CTDs only went to 1000 meters while the HRPs went to 1500 or 2000 meters, so normally the CTD was on deck and secured before the ship needed to maneuver to recover the HRP. During the cruise, 169 CTD casts and 165 HRP profiles were completed ( Figure 3) ; the details are provided in appendix B.
Another component of SFTRE was the deployment of a Moored Profiler (MP) in the area of the tracer release. The MP was deployed and recovered for us by the WHOI researchers on mooring cruises subsequent to each of ours. The MP was deployed at 13°N 55°W on February 17, 2001 and recovered April 18, 2002 during the recovery of the Guiana Abyssal Gyre Experiment (GAGE) mooring array. Unfortunately a programming error caused data logging to stop prematurely due to a full disk after 4.5 months. However, even the shorter than anticipated record allowed new insights into the thermohaline staircase phenomenon to be obtained.
This report documents the HRP and MP components of the SFTRE. Details of the tracer work accomplished on these cruises will be documented in a separate report. The following sections contain (in order) a list of participants for both cruises, a description of the HRP, and its data processing, a description of the MP, a description of the operations during tracer injection cruise, a narrative of the operations on the tracer sampling cruise, and some preliminary results. 
High-Resolution Profiler Description
The (Figure 4) shows the instrument's structure and internal components.
The operation of the HRP is controlled by an on-board "interface bus computer" (IBC) that uses the original PC 8086 chip. In order to have the computer fit into a six-inch diameter pressure case, the IBC was designed to fit on several small cards interfaced to the instrument backplane. The A/D converter and integral CTD both communicate with the computer via backplane connections. The software controlling the computer's operation is written in C and assembly language.
The HRP can be programmed to acquire data from up to 18 sensors simultaneously. The diagram of the sensors ( Figure 5) shows their positions at the leading edge of the profiler.
To eliminate noise induced by ship motions from the measurements, the HRP operates without a cable attaching it to the ship. It is deployed, falls freely while collecting data, releases its weights and ascends to the ocean surface where it is recovered. Once on deck, the data are downloaded from instrument memory to a shipboard computer where analysis and archival occurs. At a nominal descent rate of 0.6 meters/second, a 1000-meter dive typically takes 30 minutes to descend, and another 18 to return to the surface. During the descent, one-half megabyte of fine data and two megabytes of micro data will be acquired and stored, given the above configuration. 
SFTRE Specific Issues
As the HRP aged, sometimes it malfunctioned in some way, despite rigorous pre-cruise testing. For this set of cruises, there were a few challenges and one success. First the success; the source of the spurious computer resets that had occurred since the battery meltdown prior to Oceanus 250 in May of 1998 was finally found. An area inside the pressure case had the anodizing eaten away by pooling battery acid. If the orientation of the case was such that the lower electronics rack contacted the bare metal, often as the HRP was raised for deployment, a reset of the computer occurred. Wrapping the electronics racks in Mylar before inserting them into the pressure case effectively solved this problem. The solution was implemented prior to SFTRE-1; so spurious resets didn't occur on either cruise.
A second issue that caused some trouble was the compass data clipping and jumping. The compass is a two-axis magnetometer on a gimbal mount within an oil-filled, sealed housing. On occasion, one axis of the magnetometer would be biased off zero, causing its signal to be clipped when values reached full-scale on the digitizer. Corrosion of the gimbal was suspected, but as the compass is a sealed unit, we couldn't be sure. Post-processing software was created to approximate and replace the clipped part of the signal.
The third issue occurred only on SFTRE-2 and involved spikes in the velocity profiles. Spikes occurred in about 10% of the profiles, always in the shallow part (before scan 5000). We were unable to find the cause of this problem. Fortunately, on scales longer than the length of the HRP body (5 m) the relative velocity and acceleration are highly correlated. So software was developed to replace the scans for the duration of a spike in the X component of velocity with the same scans from the lower X accelerometer. When the spike was in Y, the replacement data was obtained from the lower Y accelerometer.
Most dramatically, during the recovery of SFTRE-2 profile 13, the HRP was accidentally struck by the ship's propeller. The external damage to the plastic skin was repaired in a half day, but the pingers did not operate correctly after the accident. Fortunately both pingers pinged, which just decreased the signal level. Had neither pinger operated, we would have been in a less viable position for tracking the HRP while it was submerged. When the repairs were complete, HRP operations continued as before.
Despite the accidents and minor malfunctions, the HRP has had a long and useful career. During SFTRE-2, the HRP made its 1000 th profile-an impressive accomplishment for the instrument and the people working with it.
HRP Data Processing
The HRP can acquire and store up to 16 MB of data during one profile. The data is stored in binary format to minimize the amount of storage space required. The first operation in the data processing sequence is offloading the data from the HRP to a computer on the ship. Due to the age of the instrument, a fast serial transfer (38.4 KB) is used instead of FTP or something more current.
The HRP currently records twelve channels of data at 10 Hz, which is recorded to one file. Profiles of temperature, salinity, and absolute velocity profiles are obtained from the 10-Hz data. Several steps are required to convert the relative velocities logged by the HRP to absolute velocity profiles. First, the accelerometer data is used to remove the nodding contamination from the relative velocities. Then the compass data is used to place the relative velocities into Cartesian coordinates. Finally a model is used to derive an ocean velocity profile, which is adjusted using the ship's ADCP data as reference, to obtain absolute velocity profiles. One set of programs unpacks the data, applies calibrations, makes the computations described above, and displays the fine-structure data.
Four channels of data are acquired at 200 Hz simultaneously with the 10-Hz data during a profile. The 200-Hz data is logged to a second, larger file. The micro data is processed with another suite of programs that filter, display and perform various signal processing tasks. The outputs quantify the processes at the smallest vertical scales, providing estimates of the rates of dissipation of thermal variance and turbulent kinetic energy.
The software for processing the HRP data processing was originally developed on Digital VAX/VMS computers, and was later ported to SGI UNIX workstations. The software employs several programming languages. Fortran, Perl, shell scripts and Matlab are used to do most of the numeric manipulation and display. A graphical user interface that controls the executing of all of these programs was developed using Tk/Tcl to simplify the HRP data conversion and analysis process. The GUI software is documented in the 1998 report by Montgomery and Bolmer.
The HRP's internal CTD was calibrated before and after SFTRE-1, and those calibrations were used to adjust the temperature and salinity profiles from that cruise. Prior to SFTRE-2 the CTD data did not appear to have drifted, so we did not calibrate it again. During the cruise, the calibration data from SFTRE-1 was used. For the final adjustment, the salinity data from the HRP was fit to the best version of CTD data obtained by the tracer group.
Moored Profiler Description
The Moored Profiler (MP) was conceived to address the needs of long-term ocean sampling in a cost effective manner. Development of the MP was initiated in 1992 with grants from the U. S. National Science Foundation and the WHOI Director's Discretionary Fund. Follow-on support was obtained from the Office of Naval Research and the National Oceanic and Atmospheric Administration. The culmination of this engineering effort was an operational prototype WHOI Moored Profiler (Figure 6 ). The papers by Toole et al., 1999 and Doherty et al., 1999 describe the MP instrument development and sensor systems. MPs have been used successfully in numerous experimental programs since the first prototype was made. Currently, Moored Profilers are produced commercially by McLane Research Laboratories, of East Falmouth, MA.
The MP utilizes a small, battery-powered traction motor to climb up and down a standard subsurface mooring cable carrying sensors that document the water properties and currents versus depth. Depending on the design of the mooring, a MP is able to sample from just below the surface to just above the bottom with a total endurance of approximately one million meters per deployment. Complex sampling schedules are possible under control of the onboard micro-processor. MP data are presently stored internally for the duration of each deployment and downloaded after the instrument is recovered. The technology to return data in real-time via satellite and possibly modify the sampling program during a deployment is in development.
The MP used for SFTRE was deployed This instrument was programmed to make three round trips between 100 db and 650 db every day beginning from the bottom at 0000, 0800 and 1600 Z, with a three hour wait at the upper stop before initiating each down profile. Incorrect mission planning resulted in the disk becoming filled prematurely after only 4.5 months. However, the 775 profiles that were acquired provide much of the data needed to quantify the variability in the area.
The start times of the first and last profiles are listed below: Because of the method of deployment and startup, the first profile is always a down profile − the second profile started up on schedule at 2/18/01 0800 (it had not reached the bottom in time to start up at 0000, so waited until 0800). The last profile happens to be a down, begun after waiting three hours from the completion of the previous profile, and thus is not on an even time increment. 
Cruise Narrative -R/V Oceanus 365 (OC365)
The injection cruise took place aboard R/V Oceanus, cruise 365 leg 2 (leg 1 was the Woods Hole to Bridgetown transit). We were allowed to load the ship at the WHOI dock before she sailed, so the scientists could meet the ship in Barbados and depart for sea the next day (January 15, 2001), avoiding the usual headaches encountered during several days working in a foreign port.
The first work of the cruise was conducting an XBT survey to map the extent and continuity of the thermohaline staircase features. At 0300h January 16, we commenced the survey employing T7 (~800 meter) XBTs. They were launched every 2 hours, with water samples collected hourly to calibrate the ships underway thermosalinograph. During the next three days, a total of 49 XBTs were used to characterize the distribution of staircases in the potential injection region. In the two cases where an XBT was bad, a second was deployed at the position of the dud. The data obtained in this survey were used to select the location and depth of the tracer injection. The injection target was a mixed layer with a mean temperature of 10°C, centered at 12°42'N, 53°68'W. The depth of this layer varied between 370 and 410 meters.
HRP test dives and injection sled tests were interspersed with the XBTs. HRP profile 1 was made on January 16 at 1245. All sensor systems worked correctly. The tests we did at the dock showed clipping of the compass, but it was not evident on the first dive. The first injection sled test occurred at 1825h − 2143h the same day. The test identified several issues to be resolved before the actual deployment began. A second HRP profile was made on January 17 at 1216 to hone the watch's skills working with the instrument and processing the data.
The area with the thermohaline staircases is in the trade wind zone, so we experienced typical wind speeds of 20−30 kts from the east. These kicked up whitecap-topped swell of 3−5 meters. So eastbound courses pounded into the waves, northerly and southerly ones were in the troughs, and westbound courses had relatively comfortable following seas. The first week of the cruise felt pretty rough; the rest of the cruise was rough but didn't feel as bad.
The real work of the cruise, the tracer injection and HRP work began January 19. The activity schedule had the tracer group working overnight with HRP operations during the day to avoid recovering HRP in the dark. Normally, the tracer injection sled was deployed after dinner, flown overnight injecting tracer, and was recovered around breakfast time. HRP profiles to 2000 meters were made during the day while the sled was reloaded with tracer. Usually, three HRP profiles were completed between injection runs, one each at the beginning and end of the injection tows, and one nearby. Tracer streaks were injected the night of January 19, and the subsequent six nights, finishing on January 27 at 1229. Four RAFOS floats were deployed with the tracer to follow the movement of the water initially in the tracer patch. These floats were timed to surface shortly before the second cruise to suggest possible limits of the tracer and thus aid in planning the sampling strategy. Twenty-five HRP dives were completed on the days when tracer was injected at night.
At the completion of the first 28 HRP profiles, the HRP battery was not quite low enough to change in normal operations, but since the next objective was to complete nine profiles in 24 hours, we decided to change it prior to initiating the time series. The nine-station 24-hour time series surveys used an 'X' pattern, centered on the current position of the tracer patch, with each of the legs of the 'X' angled 45° to the direction of advection. The shipboard ADCP data was employed to infer the direction and rate of tracer patch advection. The center of the first survey was 12°48.40′N, 53°54.7′W. Dives 29−37 occurred between 1413 on January 27 and 1330 on January 28. The ADCP data was again used to determine the current position of the center of the patch (12°50.52′N, 53°56.87′W), and then another 'X' pattern was started. Dives 38−46 occurred between 1504 on January 28 and 1606 on January 29. Another 'X' survey centered at 12°50.52′N, 54°01.21′W was completed between 1727 on January 29 and 1526 on January 30. Since 27 profiles had occurred since the last battery change, and we had another nine-station survey planned, we changed the HRP battery again. During the last 27 profiles, the pingers had been pinging less strongly than with the first battery, and sometimes on the ascent both would transpond, instead of just the bottom one. We hoped a new battery would remedy this, but it didn't.
The center of the patch was estimated to be at 12°50.64′N, 54°07.72′W after the battery change, and then another 'X' pattern was embarked upon. After the first profile (56), examination showed the data from the Y component of the compass was clipped. This was the first occurrence of this malfunction, so we assumed that it had something to do with the new battery. The electronics were removed from the pressure case and brought inside again. We did what we could to diagnose and fix the compass, but in a metal ship, this was a difficult task. We ended up re-assembling the HRP without believing the problem was resolved. Surprisingly, the compass had returned to the way it was before dive 56 and functioned well thereafter. Dives 56−63 occurred between 2154h on January 30 and 2150 on January 31. One station at the southeast of the pattern was skipped to make up the time lost working on the HRP compass.
During the time the HRP group did the four 'X' pattern surveys described above, the tracer group dismantled and stowed the injection sled. The lab was aired for two days, then they began unpacking the sampling equipment. Due to risk of contamination, the injection apparatus can never out at the same time as the sampling gear.
To sample the tracer patch, a specialized sled combining a CTD and integrating water collection apparatus was used. In Appendix A, this vehicle is referred to as the integrating sampler (I.S.). The water samples collected over the duration of a tow are analyzed for SF6 concentration onboard the ship using a Gas Chromatograph (GC).
The first overnight run using the integrating sampler was made on February 1. The sled was towed for 12 hours, through the area where the tracer was expected. A HRP profile was made at the end of the tow, and then two more were made nearby that day. Analysis of the water collected by the sampler found concentrations of tracer that matched the levels expected based on the amounts injected. The sampling sled was towed overnight for the following five nights, with three HRP profiles completed during the days, covering various spatial patterns. HRP 88 was the last profile interspersed with towing the integrating sampler.
On February 7, CTD operations were commenced. The bottle samples from the CTD take discrete water samples, which were compared to the ones from the integrating sampler on the sled. HRP 89 was deployed when the first CTD had started its ascent.
After a simultaneous CTD cast/HRP deployment at the injection site, we steamed to 10°N, 55°W to begin a meridional section along 55°W. Station spacing was one-quarter degree. HRP profiles 90−109 comprised the section, which extended through the tracer injection area and continued to 15°15′'N. CTD casts were not made with all HRP profiles − just at the sites of HRP dives 93, 97, 105, 108. The last HRP profile (109) was completed February 11 at 0412.
The lab was dismantled during the transit back to Barbados. The R/V Oceanus arrived in Bridgetown at 1300 on February 12. We off-loaded our gear into the containers waiting for us at the dock, and then consigned them to the agent for shipment back to Woods Hole.
The next day, we met with the scientists going on the following cruise to discuss details of the MP mooring deployment. The position for deployment was reviewed, the MP had already been programmed, and passed all the pre-deployment checks, so it was left on the Oceanus ready to go. Finally, the participants in SFTRE-1 were able to leave the ship knowing the injection phase of the cruise was successfully completed.
Cruise Narrative -R/V Seward Johnson 01-12 (SJ0112)
The science party met the ship in Bridgetown, Barbados when it arrived October 28, 2001. Since we were able to load the ship in Florida before it left for Barbados, only a day and a half were needed to prepare for the work of the cruise. The ship departed at 1800 (local) on the 29th. Due to immigration problems, the Venezuelan students had not arrived; so the cruise plan was modified to return to port one week later to pick them up.
Operations commenced south of Barbados soon after departure, with CTD profiles and chemical analysis of the water samples collected. All CTD profiles on this cruise were to 1000 meters and HRP profiles were to 1500 or 2000 meters unless otherwise stated (see Appendix B for details). The HRP group waited until daylight to do their first profile, which accompanied CTD 4. On the first profile, corrosible links for 1600 meters were installed for a dive to 1500 m. Unfortunately, one released at 1493 meters, just slightly shallower than the desired termination pressure of 1500 db. Consequently, the HRP ascended slowly until the release criteria based on time was reached and the second weight was jettisoned. Then it ascended at the expected rate and was recovered without incident. The next two profiles were to 1250 meters because the water was shallower than 1500 meters. After HRP 3 (CTD 6) we were in deep enough water to commence 2000-meter profiles. The HRP was descending faster than desired, so several chunks of syntactic foam buoyancy were added. This successfully slowed the descent rate to the desired rate of between .5 and .65 m/sec.
CTD casts with an accompanying HRP deployment became routine between October 29 and November 2. The weather was calm and balmy, so conditions were pleasant (unlike the previous cruise). The uneventful sequence of work ended at 0451 Friday November 2. Just after the midnight (local) change of watch, during the recovery of HRP 13, the ship accidentally hit the HRP with the propeller while maneuvering. Poor visibility at night, and the HRP only being partially hooked, both contributed to the incident. The HRP was recovered on a second pass, at which time we were able to assess the extent of the damage. The plastic skin and structural elements near the sensor (lower) end experienced the bulk of the trauma. Miraculously, despite the mauling, the cables, sensors and pressure case were not ruined.
We were also lucky that one of the ship's engineers was experienced in welding plastic, and was able to convert a sensor guard made of a spare section of plastic skin into a replacement segment of the instrument's cowling (Figure 7 ). The repairs took about 12 hours, during which time three more CTD profiles (17−19) occurred. The HRP was dangled in the water while still attached to the lifting rig after CTD 19 to test functional integrity while vertical, and while wet. The only problem seemed to be that both pingers transponded during ascent, instead of just the bottom one, resulting in a weak acoustic signal received at the ship. We tried several fixes, none of which worked, and decided to continue with HRP operations.
CTD 20 occurred on October 2 at 2130. The repaired HRP was deployed for a 1000-meter profile after the CTD was back on deck. It functioned adequately, and returned with good data, so "normal" operations were resumed. We had three more 2000-meter HRP profiles before the water depth became shallow enough to modify the dive termination depth. Two profiles (HRP 18 and 19) were made to 1600 meters without using the altimeter. It was turned on for dives 20 to 23 and obtained correct seeming ranges from the bottom each time. The altimeter was used on these primarily to exercise it, and the pressure criteria terminated the profile each time. The altimeter data collected was good, so later in the cruise when near bottom approaches were desired, we were confident of the altimeter's functionality. After dive 23 the ship moved into water deeper than 2200 meters, so the altimeter was not used. The Seward Johnson returned to port in Barbados on the morning of November 5, to pick up two Venezuelan students, at which time the observer from Barbados disembarked. After fueling, the ship left port to head east to continue the survey. Operations were resumed on November 5 at 2114 with CTD 34 and HRP 28. The work of the cruise continued uneventfully on an easterly course for three days. During this time the problem with the pingers was resolved by accident on a profile done without the lower pinger connected at all. It was disconnected in an attempt to diagnose the source of intermittent 34.25 Hz noise in the micro-T data. After reconnecting the pinger, both operated as expected, but the source of the noise remained unknown. Eventually the source of the noise was determined to be the normal operation of the CTD. The HRP battery was changed during the transit following CTD 42 and HRP 36, so no time was lost.
Early November 8, During CTD 45 with HRP 39, the thermostat on an oven used to bake the filters used in the Gas Chromatograph (GC) malfunctioned, ruining the coil and the oven. Since tracer analyses couldn't be done, we didn't know if we'd reached the edge of the tracer patch and thus whether to continue east or turn north. Repairs to the GC were commenced while a time series of HRP profiles every three hours was begun at the site. Four additional HRPs were completed before the GC was back on line. Since tracer was detected in the samples taken at the site of the time series, we continued east. Two more stations were completed before we turned north, even though there was still a small amount of tracer found at the location of CTD 47 and HRP 45.
Two stations were made on a northerly heading en route to 13.3°N where a reciprocal line to the previous one was started heading back west. Fifteen stations (CTD 49−63, HRP 47−61) were completed along this line headed west-northwest towards Martinique. Then we went north for the next two stations, and then turned back east to continue sampling.
Between November 11 and 14, another thirteen stations (CTD 66−78, HRP 63−75) were completed paralleling the previous line. On November 13 about 0415, during CTD 68, the winch broke down when the CTD was at 900 meters. The package had to be brought up about 20 meters with the crane to get enough slack to cut the wire and transfer it to the other winch. The HRP surfaced about a half hour after the winch broke, so had to be recovered with the CTD still in the water. The CTD was eventually recovered, swapped to the other winch, and re-terminated. CTD 69 was completed at the site of the winch breakdown to obtain tracer samples at this site.
On November 15, after CTD 78, because only 25% of the tracer had been found, we headed back south to continue looking for tracer east of where we terminated the first week's survey. Two of the floats deployed on the injection cruise went further east than we'd explored, suggesting more attention was needed in that area. CTD 79−84 and HRP 76−81 were completed along the southbound line.
The 1000th deployment of the HRP (76) In order to make our scheduled return to Puerto Rico on December 5, the ship was turned back east to start the final sampling leg late December 2. En route to port, CTDs 165−172 with HRPs 161−165 were completed. The HRP work stopped a day earlier than CTD operations in order to dismantle the equipment and pack up our lab. The CTD/tracer team remained on the ship for the transit to Florida in order to sample northward, so they worked right into port. We arrived in San Juan early on December 5, completed loading our container for return shipment from Florida, and went ashore.
In all, 172 CTD casts with chemical analysis for tracer distribution and 165 HRP profiles were completed during 35 days at sea. This was a successful trip, despite the various hardware problems encountered, and not completely delimiting the tracer map.
Preliminary Results
Thermohaline staircase features appear to persist off Barbados. WHOI investigators last studied them during the Caribbean Sheets and Layers Transects (C-SALT) program in 1985. The duration and seasonal variations of these features isn't documented, but they were observed again on a 1998 cruise (Montgomery and Guest, 1999) . We found staircases easily on both SFTRE cruises. A profile from the tracer injection cruise (Figure 8 ) shows the correspondence of velocity shears to strong temperature and salinity gradients above 350 meters where the staircases are well formed, then as the steps disappear below 350 meters, so do the jumps in velocity.
The advection of the tracer patch during the injection, based on the shipboard ADCP data was to the west-northwest at about 5 cm/sec. The HRP based advection estimate is a bit higher (about 8 cm/sec), but the profiles sample much shorter duration events than the ADCP, so the results are consistent. The HRP derived absolute velocities averaged over the duration of the injection (Figure 9) show clearly that the tracer injection target pressure of nominally 380 db was in the middle of a jet.
The westward advection was fairly consistent throughout OC365, so it was surprising that two of the drifting floats released at 550 db (about 150 meters deeper than the tracer patch) surfaced after nine months hundreds of kilometers east of the deployment area. The other two floats surfaced slightly to the southeast. The floats' trajectories involved some looping and meandering, but the net movement was to the east. With this in mind, perhaps the true surprise is that there was any tracer in the Caribbean.
The ship covered an area of over 500,000 nautical miles² during SJ-0112 looking for the tracer.
Despite the large area sampled, only 50−60% of the tracer had been found by the end of the cruise. Given that there was still tracer detected in the samples from the ends of the survey lines, the extent of the patch could not be delimited. The distribution of tracer was widespread, uneven and somewhat correlated with presence of thermohaline staircases in the eastern portion of the survey. Within the Caribbean, the tracer distribution was smoother and uncorrelated with staircases.
The HRP profiles exhibited nearly two orders of magnitude greater dissipation of thermal variance in depths with staircases (250−500 db) than in the deepest part of the profile below the staircases. Chi-t is the rate of dissipation of thermal variance, and Epsilon is the rate of dissipation of turbulent kinetic energy. The Chi-t estimates in the staircases were greater than the estimates of Epsilon in the region where the tracer was deployed suggesting that double diffusive processes may play a larger role in mixing than turbulence in this area.
The four and a half months of temperature, salinity and velocity profiles (775 total) obtained by the MP allow us to examine the time evolution of the features we observed on the deployment cruise. The velocity sensor showed consistent eastward flow and the temperature and salinity data let us track the vertical migration of the staircase features. Figure 10 shows all the temperature profiles from February 2001, successively offset by one degree to show how the depth of the layers can vary with time.
Additional analysis is required to fully understand what the collected data means. Future publications will document this work as it occurs. 
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